Objective-To develop and validate a high temporal resolution spectral analysis system for Doppler measurements of blood velocity in the ascending aorta.
Doppler ultrasound has been used extensively in the assessment of normal and abnormal flow patterns in humans. ' Some of the simpler methods of spectral analysis used in early studies are subject to systematic errors. The zero-crossing detector, for example, can miss high frequency signals when they are superimposed on low frequency signals, because the higher frequency sound wave may not cause the pressure signal to cross zero. The most accurate method of spectral analysis is complete resolution of the different spectral components by fast Fourier transformation (FFT). FFT is now available in realtime computer processing because of the development of powerful minicomputers.
Temporal resolution in spectral analysis can be improved by more frequent FFT analyses, but each time bin must be large enough to include one full cycle of the lowest frequency to be resolved. To detect frequencies down to 100-200 Hz, therefore, the time bin can be reduced to no shorter than 5 ms. Even this resolution may be inadequate to resolve changing blood velocities during the acceleration phase of cardiac ejection because the blood velocity varies from zero to 1-1 5 ms in 50 ms or less. We have developed, therefore, a system with shifting analyses to improve time resolu-2 tion.
Physiologically it may be important to resolve blood velocities to this greater degree because turbulence and rapidly changing velocities in blood flow can be better detected and quantified. It has been proposed that turbulence may be important in the development of atherosclerotic plaques3 as well as contributing to the impedance to ejection of blood by the ventricle. 4 acceleration over the initial part of the acceleration phase when acceleration seems to be close to constant,-0 or the "peak instantaneous acceleration".6 All three methods are subject to considerable errors because of the low temporal resolution of previous spectral analysers. Figure 1 shows that the upstroke of aortic blood velocity is often curvilinear with no clear point of peak velocity. Acceleration is therefore subject to considerable errors when there is noise at the point of peak velocity. No information can be obtained on the rate of change of velocity before the high pass filter (100-400 Hz), and hence acceleration based on the first half of the acceleration phase may be based on only 20 -25 ms of data and may therefore depend on only two or three separate spectral analyses, so that noise in any one time bin would cause considerable uncertainty in the overall assessment of acceleration. Without high temporal resolution spectral analysis measurements of "instantaneous peak acceleration" are even more liable to error and artefact in that instantaneous peak acceleration effectively means the greatest change in velocity between any two time bins and hence is extremely subject to noise in either time bin, especially the first where no velocities below the high pass filter can be detected. It is also fallacious to refer to peak acceleration as being "instantaneous" when temporal resolution is as low as 5-20 ms and changes in aortic blood velocity can occur over less than 5 ms. nifedipine). The conditions for which the patients were undergoing cardiac catheterisation were ischaemic heart disease (9), congestive heart failure (5), and primary pulmonary hypertension (2). All patients gave informed consent for these studies, for which ethical committee approval had been given. The age range ofpatients was from 38 to 73 years and all were in stable sinus rhythm.
Methods
The aortic cross sectional area was estimated on a separate occasion within 24 hours of the Doppler recording by means of the leading edge to leading edge convention with cross sectionally directed M mode echocardiographic imaging at the level immediately above the sinuses of Valsalva in mid-systole.12-14 STATISTICAL 
METHODS
Comparisons between methods were examined by the method of Bland and Altman.'5 Systematic differences between methods were tested for by Student's t test (two tailed), a p value of < 0 05 was regarded as statistically significant.
Results

VALIDATION AGAINST PURE SOUND FREQUENCIES
The spectral analyser received pure sound signals with static and changing frequencies. Rapidly changing frequencies were presented to four different modes of spectral analyser: the commercial Doptek analyser on slow and fast sweep settings (spectral analysis time bins of approximately 10 and 5 ms respectively) and the Texas instruments analyser on normal temporal resolution and on immediate off-line high temporal resolution mode. Table 1 shows that as the rate of change of frequency increases the lower resolution modes cease to be able to distinguish the rapidly changing frequencies and the spectral display becomes a blur spreading from 0 to 1 kHz. This is shown in fig 3A in which the signal was analysed by a conventional resolution analyser and is perceived as a wide-band blur of frequencies. The high temporal resolution mode can, however, still determine that the signal is a rapidly changing frequency and the shape of rapidly changing frequency slope is apparent even when it varies from 0 to 1 kHz at a rate of at least 100 times a second ( fig 3B) . Each value is the mean of five beats per run. Runs 1-4 were performed with the stroke distance of the piston set at 46 cm and the power of the pump progressively increased from 6-0 V to 9-0, 12-0, and 15-0 V. Runs 5-8 used the same progressive voltage settings with stroke distance at 38 cm, and for runs 9-12 the stroke distance was set at 54 cm. Run 11 was at 12-0 V at a stroke distance 54 cm with constriction of the outflow tubing and run 12 was similar with constriction of the inflow tubing. PF, peak flow; SV, stroke volume. fig 4) . Figure 5 shows the comparisons between electromagnetic catheter derived and Doppler derived peak velocity, acceleration, and stroke distance for 621 unselected beats from all subjects (521 beats for acceleration because in one subject electrical interference on the tape made the Doppler estimate of acceleration impossible) using the Bland and Altman plot method. The mean and standard deviations of the differences between the Doppler and electromagnetic catheter methods were -005 (6-5)% for peak velocity; -04 (8-7)% for stroke distance; and -9 (13 7)% for acceleration. Estimates of minute distance were the averages of 10 consecutive cardiac beats. The mean + (SD) of differences between the two methods was -067 (3-6)% (fig 6) . Table 5 shows the correlation coefficients between variables measured by Doppler and electromagnetic methods for individual subjects.
VALIDATION OF VELOCITY VARIABLES IN VIVO
VALIDATION OF VOLUME FLOW CALCULATIONS IN VIVO
The results of all simultaneous measurements between Doppler derived cardiac output and T.
-.0 distance), but there was much more variation between methods for acceleration. The Doppler method gave accurate estimates of volume flow in an artificial flow rig compared with the absolute flow measurement when the cross sectional area of the flow rig tubing was known. In humans volume flow was compared with thermodilution estimates-(through a pulmonary artery catheter), which themselves are subject to a fair degree of variability and are sources of inaccuracy.'6 Despite this proviso the volume flow estimates obtained by the Doppler method compared reasonably well with the thermodilution method in the subjects we studied, and these results accord with reports of similar comparisons of thermodilution and continuous A that obtained by thermodilution were plotted according to the Bland and Altman method ( fig  7) . The mean and standard deviation of differences between methods (thermodilutionDoppler) was 0 35 (0 67) 1/min. There was a small but significant underestimation by the Doppler method compared with the thermodilution method (5-1 (1-4) 1/min compared with 5-5 (1-2) l/min, p < 0-01).
Discussion
These findings show the accuracy of pulsed wave Doppler estimates of the most commonly used velocity variables (peak velocity, stroke distance, and acceleration) against electromagnetic cuff and catheter measurements in both an artificial flow rig and in the human aorta. The Doppler method we used with a new high resolution spectral analysis system gave an accurate independent measure of blood velocity. The accuracy was maintained for peak velocity and the velocity integral (stroke Stroke distance (cm) (Mean of two methods) Figure 5 Comparison of (A) peak velocity, (B) acceleration, and (C) stroke distance between Doppler estimate and electromagnetic catheter measurement for all beats analysed in six subjects. Results are plotted as Bland-Altman plots. The middle line is the mean difference between methods and the two outer lines are the 95% confidence intervalsfor the differences between methods.
--r-227 I group.bmj.com on June 21, 2017 -Published by http://heart.bmj.com/ Downloaded from Coats, Murphy, Conway, Sleight wave'1719 and pulsed wave Doppler.'3 20 21 These and more recent reports'0 22 23 give standard deviations of differences compared with simultaneous thermodilution estimates of cardiac output in the range 8-22%. Inaccuracies in estimating volume blood flow owe more to inaccuracies in the measurement of aortic cross sectional area than to the evaluation of blood velocity itself. This was shown by a greater similarity in our results between electromagnetic and Doppler velocity variables in man and the flow rig than was seen between either of the velocity based methods and thermodilution. The small (< 10%, but significant) underestimation by Doppler compared with thermodilution in both stroke volume and cardiac output is probably caused by errors in measurement of the cross sectional area of the ascending aorta.
There is no ideal reference standard for human volume blood flow measurements, but it seems that the Doppler method is a good technique in subjects without turbulent blood flow in the ascending aorta. If we assume that the cross sectional area of the ascending aorta does not change appreciably in the short to medium term or with drugs or moderate blood pressure changes24 then the ability of the Doppler method to quantify proportional changes in cardiac output will be even greater than its ability to give a single measure of cardiac output.
The advantages of high resolution spectral analysis can be seen by the greater temporal resolution shown when a pure frequency signal was rapidly changed. Spectral analysers with larger time bins, and hence lower temporal resolution, artificially blur rapidly changing blood velocities, and hence no description of an instantaneous maximal acceleration is obtainable. Our results support the approach of averaging a period of the acceleration phase We found that acceleration was much less reliable and showed more between method variation than either stroke distance or peak velocity, and we argue that it is the least reliable of the Doppler-derived velocity measurements.
There is a need for accurate blood velocity measurements in the ascending aorta and other parts of the circulation, both to provide a relatively reliable, safe, and repeatable measure ofvolume flow rate, and also to investigate noninvasively blood velocity patterns themselves.
Accurate non-invasive measurements of blood velocity by Doppler may be the best way of obtaining information on aortic flow patterns, blood flow turbulence, and the influence of pressure-reflected waves on ventriculoaortic coupling in heart failure and other conditions. CM was in receipt of a Texas Instruments Computing scholarship at Green College, Oxford.
